Experiments with H,S on Valonia ~ indicate that under normal conditions it is chiefly if not exclusively undissociated molecules which enter the cell. 2 In view of the importance of this conclusion it seemed necessary to carry out comparable experiments with another substance. For this purpose COs was chosen. It penetrates readily and is easily measured. Its importance in the organism renders its investigation particularly significant.
water as shown by the absence of SO4. Sea water contains sufficient SO4 to give a visible precipitate with acidified BaCls when the sea water is diluted one hundred times. The absence of SO4 also indicates that no injury has occurred and this is borne out by the fact that if cells which had been exposed to the experimental treatment were returned to sea water and kept under ordinary laboratory conditions they lived indefinitely.
The temperature ranged between 20 ° and 22°C. but did not vary more than 1 ° during 'any one experiment. The temperature coefficient (12.5 ° to 22.5°C.) of penetration and outward diffusion for living and dead cells is very low (less than 1.1).3
A Van Slyke apparatus 4 was employed to determine the total CO2. The essential question is whether the total CO2 in the sap corresponds to the undissociated fraction of the total COs in the sea water or to the dissociated fraction. The total COs includes the HCO~ and CO~" ions, the undissociated HsCO~, the undissociated carbonates and bicarbonates of all the metals present, the uncombined or free COs, and an unknown number of hydrates and complexes of any one or all of the above.
If the concentration of total CO2 inside the cell depends on the outside concentration of one of these substances, and is independent of ~:he concentration of others, we should expect the ratio of concentration inside to that outside to change when we alter the proportion of this particular outside substance. There is no obvious method of changing only one of these substances. Changing more than one will serve our purpose provided that we do not change in the same ratio a substance which penetrates and one which does not, in such a way as to make it impossible to decide which substance penetrates.
The most expedient way is to change the H + ion concentration. An increase in the H + ion concentration would decrease the proportion of HCO~-and CO~ ions, and of other substances which change with them, and would increase the proportion of undissociated HsCO~ and of free COs. Since we may assume that the relation between uncombined CO2 and undissociated H2CO, is approximately constant, we may for the purpose of the present paper (where relative values alone are considered) use the term undissociated HsCO3 to include the uncombined CO~ (whose concentration is probably much greater than that of the undissociated acid). This course will be followed as a matter of convenience.
In order to ascertain the concentration of undissociated HsCO~ (including free CO2) in the sea water at various pH values various means may be used. The method employed by McClendon is to determine the partial pressure of the COs in the gas phase in equilibrium with the sea water (total COs being constant). At low pH values, where the total COs is undissociated, this partial pressure will reach its maximum value; as the pH value increases and H2CO, begins to dissociate this value will fall in approximate proportion, e.g. when the total CO2 is 50 per cent dissociated, the partial pressure will fall to about 50 per cent of its maximum value. The values of the partial pressures as determined by McClendon 5 are shown in Fig. 1 by the symbol (zx).
A somewhat different method (which gives similar results) was employed in the present investigation by circulating gas through sea water (at various pH values) and through artificial sap G (containing no excess base). If the pH value of the artificial sap is low enough to prevent dissociation of H2CO3, the amount of total CO2 which passes over into the artificial sap corresponds to the undissociated HsCO, (including free COs) in the sea water. For this purpose an apparatus was employed which consisted of two flasks fitted with tubes and an aspirator bulb so that the gas could be circulated and the two liquids brought to equilibrium with the same gas phase. The total COs of the sea water and of the artificial sap was then determined with the Van Slyke apparatus. It was found that the lower the pH value of the sea water the higher was the relative total CO2 of the artificial sap as compared with that of the sea water; this was true down to pH 3 below which lowering of the pH value produced no increase in the relative concentration in the artificial sap. The H2CO3 was therefore regarded as undissociated at pH values below 3. If the concentration of total COs in the sea water is compared with that in the artificial sap, the latter is found to be about 16 per cent higher at pH values of 3 or lower, due to the fact that C02 is more soluble in the artificial sap. This is not surprising since COs is less soluble in solutions containing sulfateY Let us suppose, for convenience, that the concentration of total COs in the sea water is kept constant, for example at 100. Its concentration in the artificial sap (in equilibrium with the same gas phase) will be proportional to the concentration of undissociated HsC03 (including free COs) in the sea water. 8 Thus if the pH of the artificial sap is low enough to prevent dissociation of H2CO~ its concentration of total COs will be 116 when the total COs in the sea water is undissociated; it will be 58 when the total COs of the sea water is 50 per cent undissociated. Hence it is evident that we can find the percentage of undissociated H2C03 (including free C02) in sea water by expressing the concentration of total COs in the artificial sap as per cent of the total COs in sea water and multiplying these figures by 100 + 116. Thus at pH 3 the per cent of undissociated H2CO3 (including free CO,) in sea water is 100, at pH 5.8 it is 86 per cent, and so on. 9 The results are expressed in Fig. 1 by the symbol (X).
These values may be compared with those which would be expected on a theoretical basis if the COs were dissolved in distilled water. The undissociated H,CO3 (including free CO,) expressed as per cent of total CO2 may be calculated by means of the formulae ° 10o Per cent undissociated H2CO~ (including free CO2) = K1 K1K2
+ +
Cf. Hildebrand, J. H., Solubility, New York, 1924, 140. 8 It is assumed that the apparent dissociation constant is the same in both. 9 These determinations are approximate. It is probable that if care had been taken to keep the pH value of the artificial sap (at equilibrium) low enough to suppress ionization of H2CO3 in all cases there would be less irregularity.
l°Cf. Michaelis, L., Die Wasserstoffionenkonzentration, 2nd edition, Berlin, 1922, 48. in which K1 --3.3 X 10 -7 and Ks = 6 × 10 -11. The values obtained by this calculation are expressed in Fig. 1 by the symbol ([]). The curve has the same general form as those already discussed but the latter are displaced somewhat to the left in the lower part. This is to be expected since E. J. Warburg n has shown that the presence of 
FIo. 1. Shows that the total COs in the cell sap corresponds approximately to the undissociated HsC03 (including free COs) in the sea water outside. The total COs in the sap (o) is expressed as per cent of that in the sea water outside (the curve is drawn free-hand through the points to give an approximate fit). The per cent of undissociated HsC08 (including free COs) as calculated from the dissociation constant is shown by the symbol ([]). The partial pressure of free COs in the sea water as determined by McClendon is shown by the symbol (ix). It is expressed as ten thousandths of a standard atmosphere as shown by the figures on the ordinate at the right. The concentration of H2COa (including free COs) in sea water, expressed as per cent of that found at pH 3 (where the HsCOa is regarded as undissociated), is shown by the symbol (×): it may be regarded as expressing the per cent of total COs which is in the form of HsC03 (including free COs). Each experimental point of symbols (ts) and (X) represents one determination.
salts lowers the value of the negative logarithm of the apparent first dissociation constant of HH2CO3: that this would shift the curve to the left is obvious, t° The relation of this to the theory of Debye and Htickel has recently been discussed by Hastings and SendroyY
Let us now enquire what takes place inside the cell. If CO2 acts in the same general way as H2S and enters the cell only in the form of undissociated molecules we should expect the concentration of total COs in the cell to correspond to the concentration of undissociated HsCO, (including free COs) in the sea water. This expectation is realized as is evident from Fig. 1 in which the circles denote the concentration of total COs found in the sap of living cells at various pH values after equilibrium is reached between the total CO2 inside and that outside. The curve is drawn free-hand through these points to give an approximate fit. In order to facilitate comparison the concentration of total COs inside is expressed as per cent of that outside: by this method the correspondence (or lack of it) between the total CO2 inside and the undissociated H~CO3 outside can be made most clearly evident. If, for example, at a given pH value the undissociated I-IsCO~ (including free COs) in the sea water is about 50 per cent of the total COs we shall expect the concentration of total COs inside the living cell to be about 50 per cent of the total COs in the sea water. Hence the curve for per cent of undissociated I-IsCO~ (including free COs) in the sea water should approximately coincide with that for total COs in the sap (expressed as per cent of undissociated H2CO3, including free COs, in the sea water). Fig. 1 shows that the correspondence between the total COs in the living cell (O) and the undissociated H2COa (including free COs) as shown by the symbols (>() and (zx) is fairly good. It cannot be expected to be exact for a number of reasons. In the first place, as already noted, CO2 is more soluble in the sap than in the sea water. In the second place, if we assume that H~CO, penetrates freely but that its ions cannot pass in or out, it follows that if it partly dissociates after entering the cell the ions so formed will be trapped: more undissociated H,.CO3 will move in, until the concentration of undissociated H~CO3 is the same inside and outside. The total COs inside, consist-12 Hastings, A. B., and Sendroy, J., 3r., J. Biol. Chem., 1925, lxv, 445.
Lug of undissociated H2CO3 (including free CO2), plus ions, will therefore be greater than the undissociated H2CO3 (including free CO,) outside. The amount of dissociation is not sufficient to make any great difference. If we regard the pH of the cell sap as approximately constant at 5.8,1~ we may, for purposes of calculation, take the per cent of dissociation calculated from the dissociation constant of CO, dissolved in distilled water; i.e., about 19 per cent of the total CO2. If the concentration of undissociated H2CO3 (including free CO,) outside is 100 we should have the same concentration inside and this would be 81 per cent of the total CO, inside which would therefore amount to (100 -81) 100 = 123.46. The same relation would hold no matter what the outside pH or concentration of undissociated H2C08 happened to be, i.e. we should always expect to find 23.46 per cent more total CO, inside than undissociated H,CO, (including free CO,) in the sea water outside. This excess will of course be less if the per cent of dissociation of HsCOa in the sap is less. Fig. 1 shows that at higher pH values there is more total CO2 in the sap than undissociated H2CO3 (including free CO,) in the sea water as calculated from the experimental data of McClendon and the writers. This would be expected on the grounds just mentioned (solubility and dissociation). At lower pH values, however, so much CO2 might enter the cell as to lower the pH value, in which case the dissociation would be less and the total CO, of the sap would fall off somewhat. The curve indicates that this may be the case but at lower pH values the total CO2 of the sap falls more than would be expected, becoming less than the undisSociated HsCO~ (including free CO2) of the sea water. For this no explanation is at present suggested.
Below pH 6.0 the curve for penetration becomes a little uncertain. The cells are soon injured at this pH and when they die the total CO, becomes the same inside and outside. Frequently we find that when the outside solution is at pH 5.8 or 6.0 the total COs of the sap attains only 85 to 90 per cent of the outside concentration of total CO2 even after standing 4 hours, as might be expected. Yet at other times we find practically 100 per cent with every evidence of normal condition of the cells. It is thought that this difference is not due to experimental error because there is no difficulty in getting consistent results with dead cells under these conditions.
In general it would seem that the concentration of total C02 inside the cell is approximately, equal to the total undissociated H2CO3 (including free C02) outside. Possibly this would not be the case if the sap had much buffer action. The buffer action of the sap towards acids was found to be of a smaller order of magnitude than that of sea water. McClendon's excess base number 14 for this sea water was 24.815 for a typical sample and for the sap was less than 0.5.
Successive drops of 0.01 n HC1 or Ba(OH)2 were added to 1000 drops of sap, of distilled water, and of boiled KC1 solution respectively, and the change in pH was measured by comparing with standard indicators. The sap has but little buffer action as is shown in Fig. 2 . Its buffer action is of the same order of magnitude as that of a solution of KC1, of the same concentration of chloride from which most of the CO2 had been driven off by boiling. According to the graph, 32 drops would change the sap from pH 8.0 to 6.2 and the sea water requires 200 drops for the same change.
We therefore seem justified in assuming that the total CO~ inside the cell corresponds approximately to the total undissociated H2CO~ (including free CO2) of the outside solution, and that the relations of the various ions in the sap are not complicated by the presence of any large amount of buffer.
If the facts found in the case of Valonia are generally valid we should expect that when the interior of any living cell is much more acid than the surrounding medium (the excess base being the same in both) 14 The excess base is determined by boiling off the CO~ from the sea water and observing how much 0.01 N HCI must be added to 100 cc. of sea water to bring the pH back to the value it had before boiling: the number of cc. added is the excess base number. The excess base may be regarded as that part of the base which is not bound by strong acids and which in this case is largely bound by H~COa. Cf. McClendon, J. F., Gault, C. C., and Mulholland, S., Carnegie Institution of Washington, Pub. 251, 1917, 31. 15 I.e. excess base = 0.00198 5.
the internal concentration of total CO2 will be less than the external, providing the cell does not manufacture CO2 rapidly enough to overcome the difference which would naturally exist at equilibrium. This has an important bearing on certain physiological problems. the study of which the assumption has frequently been made that the total CO~ content of the cell at equilibrium is equal to that of the external medium.
Let us now consider another aspect of the penetration of CO, into
Valonia. If we ignore the formation of COy ions and assume that some indiflusible ions are present so that a Donnan equilibrium is set up with H + and HCO3-diffusing in and out freely, but not undissociated H,CO3 or CO, we might assume the relation From Fig. 1 we find that the total CO2 in the sap at pH 6 --71 (regarding the total CO2 in the sea water as constant at 100). For the purpose of comparing the HCO3-in sap and sea water at the pH values here considered we may assume that all the COs is H2CO~ (in ionized or non-ionized form) and consider that 19 per cent of the total CO2 in the sap (Fig. 3) is ionized at pH 5.8: we then have as the ionized portion (71) (.19) = 13.49. From Fig. 3 we learn that all of this may x0 Some objections to it have been stated in a previous paper3 The fact that the pH value of the sea water has been varied within wide limits (by adding HC1 or NaOH) with little or no effect on the pH value of the sap indicates that H + ions do not diffuse in and out freely. be regarded as HCO~-. In the sea water we have at pH 6 (Fig. 3 Proceeding in this manner we obtain the values given in Table I . The figures in the last two columns increase in somewhat the same fashion and the deviations are such as might result largely from experimental errors. The greatest discrepancy occurs where the total CO2 inside deviates most from the values calculated from the dissociation constant (see Fig. 1 ).
+ ~ +~1~----
It is evident that if it is the ions alone which enter, the rate of penetration will increase as the pH value of the external solution increases, while if it is only the undissociated molecules which enter, the rate of penetration will increase as the pH value of the sea water falls. The latter is found to be the case, and this would indicate that it is the undissociated molecules which enter unless for some reason the rate of penetration is proportional, not to the concentration of the penetrating substance in the sea water, but to its concentration at equilibrium in the sap, which appears improbable. It is of course possible that both ions and undissociated molecules enter but that the latter penetrate much more rapidly.
In order to arrive at the conclusion that ions enter, we are obliged to make improbable assumptions, and unpublished electrical experiments by L. R. Blinks make it difficult to believe that ions are able to penetrate. We may therefore conclude that little or no CO2 enters except in the form of undissociated molecules.
In this connection it may be noted that the work of Loeb, The experiments indicate that little or no COs enters normal cells of Valonia except in the form of undissociated molecules.
Whenever the interior of a cell is more acid than the surrounding medium (excess base being the same in both) we may expect that at equilibrium the internal concentration of total COs will be less than the external.
